Objective: The basal activity of p38 MAPK has recently been shown to impair myocardial contractility. This kinase is activated by ischemia and short-term hibernation. We hypothesized that p38 MAPK activation may contribute to the contractile deficit that characterizes low-flow ischemia. Methods: In Langendorff-perfused isolated C57BL/6 mouse hearts, perfusion pressure was reduced from 85 to 15 or 30 mm Hg for 120 min to induce ischemic left ventricular dysfunction. The effect of the p38 MAPK inhibitor SB203580 (1 AM/l) on contractile function and p38 MAPK activation was assessed. Results: Reduction in perfusion pressure to 15 or 30 mm Hg was accompanied by stable reductions in coronary flow (83 F 2% and 66 F 2%, respectively) and developed pressure (84 F 2% and 61 F 3%), with minimal infarction (15.6 F 0.69% and 10.6 F 0.98% of LV myocardium, respectively), but marked activation of p38 MAPK (reflected in pHSP27 1092 F 326% basal and 996 F 301% basal, respectively). The p38 MAPK inhibitor SB203580, present during the last 60 min of reduced pressure perfusion, prevented p38 MAPK activation (pHSP27 281 F 92% basal, p = 0.01 and 186 F 72% basal, p = 0.01) but, despite the presence of a contractile reserve, had no effect on developed pressure. Similarly, early treatment with SB203580 started 5 min after the onset of reduced flow also failed to attenuate contractile dysfunction. Conclusion: The p38 MAPK activation that accompanies short-term hibernation does not appear to contribute to the contractile deficit.
Introduction
Hibernating myocardium makes a significant contribution to the burden of ischemic ventricular dysfunction, and its importance lies in the recognition that it responds to revascularization [1] . However, unfavourable coronary anatomy, coupled with the high surgical risk associated with poor ventricular function mean that relatively few such patients derive benefit from revascularization and there is currently no medical treatment available for improving the contractile dysfunction. The stress-induced p38 subfamily of mitogen activated protein kinases (MAPKs) are activated in response to various extracellular stimuli through dual phosphorylation of threonine and tyrosine residues at positions 180/182 [2] causing downstream phosphorylation of several other proteins, including heat shock protein 27 (HSP27) [3] . Activation of p38 MAPK has been documented in animals in response to ischemia/reperfusion [4] , preconditioning [5] , and pressure overload-induced cardiac hypertrophy [6] and in humans with heart failure [7, 8] . Recent publications have demonstrated p38 MAPK activation in models of low-flow ischemia [9, 10] . In cardiac myocytes, activation of p38 MAPK by beta adrenergic stimulation [11] or by gene transfer of an activated mutant of its upstream kinase MKK3bE [12] , resulted in marked impairment in contractility, whilst inhibition with SB203580 or genetic manipulation improved basal contractility [12] . Furthermore, transgenic mice expressing MKK3bE exhibited histological features and expressed fetal marker genes similar to those seen in heart failure and had markedly impaired cardiac systolic function with premature death [13] . In contrast, in a recent extensive study where reductions in coronary flow purposefully caused appreciable infarction and abolition of regional systolic thickening, p38 MAPK inhibition had no effect on contractility [14] . However, it remains unknown whether p38 MAPK inhibition would improve contractility under less severe conditions designed to induce ischemic left ventricular dysfunction with minimal infarction, definite continued contraction and a demonstrable contractile reserve.
We hypothesized that p38 MAPK activation is involved in the mechanism of reduced contractility induced by lowflow ischemia/short-term hibernation and that inhibition of p38 MAPK activation could improve contractility.
Materials and methods
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Heart isolation and perfusion
Male C57BL/6 mice were anaesthetised and their hearts rapidly excised and perfused as described previously [15] . The aorta was cannulated with a 23-guage blunt and grooved stainless steel needle and tied to the cannula with silk suture. The heart was retrogradely perfused with modified Krebs -Henseleit (K-H) buffer containing, in mmol/l: NaCl 118.5, NaHCO 3 11 .0, CaCl 2 1.41 at a constant perfusion pressure of 85 mm Hg. The buffer was prefiltered using a 0.8 AM micro-filter (Whatman, UK) and constantly bubbled through with 95% O 2 /5%CO 2 gas. The left atrium was removed with scissors and a deflated balloon was inserted into the left ventricle through the mitral valve to monitor contractile function of the left ventricle. The balloon was attached to a pressure transducer, which was coupled to a 4S PowerLab (AD instruments, UK). The frequency responses of the isovolumic fluid filled balloon, coupling tubing and transducer were flat to at least 30 Hz. The balloon was gradually inflated until end-diastolic pressure reached between 2 and 5 mm Hg. The LV systolic, diastolic and developed pressures were displayed using Chart 4v.0.4 software (PowerLab, AD Instruments). The term 'developed pressure' was applied to the difference between systolic and diastolic pressures. The temperature of the heart was monitored continuously through a K-type thermocouple, inserted directly into the right ventricle and attached to a C9001 Thermometer (Comark, UK). The temperature was maintained at 37.0 F 0.1 jC by immersing the heart and cannula in modified K-H buffer kept at 37.0 jC in a water-jacketed chamber and maintaining the perfusion buffer in a similar thermostatically controlled waterjacketed system. Coronary flow was measured as the volume displaced over 1 min from the beaker containing modified K-H solution in which the perfused heart was immersed.
Experimental protocol
Following 30 min stabilization, perfusion pressure was reduced to 30, 25 and 20 mm Hg for 5 min each and then kept constant at 15 mm Hg for 120 min (low-flow group). In a second series, perfusion pressure was reduced to 30 mm Hg and kept constant for 120 min (moderate-flow group) (Fig. 1) . After 60 min of reduced flow perfusion, the perfusate was switched to either modified KrebsHenseleit (K-H) buffer containing 1 AM SB203580 (Sigma, UK) in 0.01% DMSO (Sigma) (SB+; low-flow: n = 10, moderate-flow: n = 8) or to 0.01% DMSO alone (SB À ; low-flow: n = 8, moderate-flow: n = 8). To investigate the possibility that p38 MAPK-mediated impairment in contractility was involved only in the early stages of reduced flow, SB203580 or vehicle was administered after 5 min of low-flow (low-flow; early SB + n = 6, early SB À n = 6) and moderate-flow (moderate-flow; early SB + n = 6, early SB À n = 6). To assess the functional deterioration in the isolated heart preparation over time, a control series of experiments were performed where hearts (n = 9) were perfused for 150 min at a constant perfusion pressure of 85 mm Hg. At the end of the protocol, 5 hearts/group were stained with 1% triphenyl tetrazolium chloride (Sigma) and stored at À 70 jC for analysis of infarct size (IS).
To assess the reversibility of the contractile dysfunction, at the end of the protocol, the perfusion pressure was increased to 85 mm Hg for 30 min in three hearts in each series. To confirm the existence of a contractile reserve following 60 min reduced flow perfusion, the effect of increased calcium perfusion (K-H buffer containing 2.2 mM [Ca] (twofold increase); n = 5 per group) on contractility was assessed in hearts perfused with K-H buffer with and without SB203580 after the first 5 min of reduced flow.
Infarct size assessment
IS was assessed as previously described [15] . Hearts were thawed and placed in 2.5% gluteraldehyde for 1 min and set in 5% agarose. The agarose blocks were sectioned from apex to base in 0.7 mm slices using a vibratome (Agar Scientific, UK). Slices were placed overnight in 10% formaldehyde at room temperature, before transferring to phosphate buffered saline for a further day at 4 jC. Sections were then compressed between Perspex plates (0.57 mm apart) and imaged using a TK-1280E digital camera (JVC). After magnification Â 25, planimetry was performed using image analysis software (NIH Image v1.61) and surface area transformed to volume by multiplication with tissue depth. IS was expressed as the percentage of area at risk (AAR), defined as the sum of total ventricular area minus cavities.
Western blotting
Tissue preparation and Western blot analysis were performed as previously described [15] using the following Groups were compared using one-way ANOVA. primary antibodies: mouse monoclonal antibody to phospho-specific p38 MAPK (Thr 180/Tyr 182) (Sigma Biosciences, UK); rabbit polyclonal and monoclonal antibodies for total p38 MAPK and phosphorylated HSP27 (Ser82), respectively; and goat antibody for total HSP27 (all Santa Cruz Biotechnology, CA, USA). Phosphorylated p38 was detected using a peroxidase-conjugated rabbit secondary antibody; total p38, total and phosphorylated HSP27 were detected with peroxidase-conjugated anti-goat antibody (all Dako, Denmark). Densitometric analysis of the blots was performed to quantify the degree of phosphorylation using NIH image analysis software.
Statistical analysis
Data are presented as mean F S.E.M., except Table 1 (mean F S.D.). Hemodynamic parameters were compared using two-way repeat measures ANOVA with pairwise multiple comparison. The hemodynamic response to increased calcium and reperfusion was assessed using paired t-tests. Morphometric and baseline hemodynamic characteristics, infarct sizes and blot densities with and without SB203580 were compared using one-way ANOVA. p < 0.05 was considered significant.
Results

LV function
The SB+ and SB À groups were similar with regard to baseline characteristics and hemodynamic parameters at the end of stabilization (Table 1 ) and at 0, 30, 60, 90 and 120 min of low-or moderate-flow. Overall, reductions in perfusion pressure of 82% (low-flow) and 65% (moderate-flow) were associated with 83 F 2% and 66 F 2% reduction in coronary flow and 84 F 2% and 61 F 3% reduction in left ventricular developed pressure (LVDP), respectively, implying perfusion -contraction matching under both low-and moderate-flow conditions (Fig. 2, panels A and E). Switching the perfusate after 60 min to buffer containing SB203580 did not alter hemodynamics at either moderate or low-flow (Fig. 2, panels B and F) . Early treatment with SB203580 after 5 min of reduced flow perfusion also failed to improve contractile function either under low-or moderate-flow conditions (Fig. 2, panels D  and H) .
In reperfused hearts, LVDP recovered to 35 F 4% baseline, from 16 F 2% at the end of low-flow perfusion ( p = 0.003) and to 62 F 3% baseline, from 44 F 2% at the end of moderate-flow perfusion ( p = 0.003). Perfusion with K-H buffer containing 2.2 mM [Ca] increased LVDP by 52 F 30% from 10 F 3.5 mm Hg at the end of lowflow perfusion ( p = 0.005) and by 41 F 15% from 24 F 1.4 mm Hg at the end of moderate-flow perfusion ( p = 0.003), confirming the presence of a contractile reserve (Fig. 3) . Contractile reserve was also preserved in hearts perfused with SB203580 after the first 5 min of reduced flow. In control hearts, the functional deterioration was minimal even after 150 min. At the end of the protocol, the mean deterioration in LVDP was only 15.9% of baseline, from 67 F 13 to 56 F 11 mm Hg, and similarly, coronary flow fell by only 17% from 3 F 1.1 to 2.6 F 0.7 ml/min. This deterioration did reach statistical significance on paired analysis, however, with unpaired analysis, the LVDP and coronary flow measurements at 150 min are still within the range of our baseline values.
Infarct size
Infarct sizes were similar in SB+ and SB À hearts subjected to low-flow (IS/AAR 15.5 F 0.64% vs. 15.6 F 0.69%, p = 0.95) and moderate-flow (13.3 F 1.35% vs. 10.6 F 0.98%, p = 0.16). In the early SB+ group, infarct size was reduced compared to SB À group at both low-flow (7.1 F 0.79% vs. 15.6 F 0.69%, p < 0.001) and moderateflow (2.3 F 0.4% vs. 10.6 F 0.98%, p < 0.001). The area at risk was not different between SB+ and SB À groups (data not shown). The IS after the control protocol of perfusion at 85 mm Hg for 150 min was 6.1 F 1.2%.
Western blot analysis
The total p38 MAPK and HSP27 protein content was similar between groups. Representative blots are shown in Fig. 4 . Densitometry revealed p38 MAPK activation by low-or moderate-flow perfusion (288 F 43% basal, p = 0.01 and 336 F 13% basal, p = 0.01), which was reflected in 
Discussion
In an isolated mouse heart model, we have shown that p38 MAPK activation occurs during adaptation to low-flow and that administration of SB203580, a potent MAPKinhibitor, after the establishment of steady state reduced flow perfusion -contraction matching, inhibits this activation. However, despite the reduction in p38 MAPK activation, SB203580 had no effect on contractility.
Although the phenomenon of myocardial hibernation is increasingly recognized, relatively little is known about the cellular processes that mediate this adaptive process. This is largely attributable to the presumed chronicity of hibernation, which can be difficult to reproduce experimentally, and the lack of a universally accepted animal model [16] . To this end, an NHLBI workshop has recommended the generation of appropriate small animal models of hibernation with high reproducibility, while recognizing that no single animal model may be appropriate to answer all the relevant questions [17] .
Left ventricular dysfunction induced by low coronary flow, with perfusion -contraction coupling, has been termed short-term hibernation [18] . It was our aim to simulate shortterm hibernation using low-flow perfusion. The isolated mouse heart adapted with perfusion -contraction coupling, while maintaining a contractile reserve. These features characterize hibernation [16] .
The hallmark of hibernation is that the myocardial dysfunction is, at least in part, reversible [16] . Complete reversibility is unusual since affected myocardium usually contains scar [10, 19] . In support of our findings, the reserve for augmentation of contractility with increased [Ca] is well recognized [16, 20, 21] and confirms the presence of contractile reserve in our model. Short-term hibernation is characterized by the absence of necrosis and animal models have shown greater functional recovery than the 35% seen here following reperfusion [22] . The brevity of the protocol, the hiatus in metabolic data, the lack of full functional recovery and the presence of infarction in the current study preclude the validation of this as a model of true hibernation and suggest instead, that this is a model of mixed reversible and irreversible myocardial injury rather than pure hibernation. However, the results reflect the modest recovery in systolic function seen in patients following revascularization ( f 12% in most series) [23, 24] , and our infarct size of 15% correlates with the extent of fibrosis in biopsy specimens of hibernating human myocardium, where the threshold amount of fibrosis differentiating myocardium with, from that without, recovery following revascularization is 17 -35% [25, 26] .
The reduction in infarct size with early but not delayed administration of SB203580 would indicate that p38 MAPK activation soon after the onset of ischemia determines resulting infarct size. Similar cardioprotection was seen when SB203580 was administered prior to ischemia in rat neonatal cardiac myocytes [27] , isolated rat [28] and rabbit hearts [29] and in an in vivo porcine model [30] . However, in contrast to our study, all bar one [27] of these studies gave the p38 MAPK inhibitor prior to the onset of ischemia. Furthermore, at the concentrations used in these studies (5-8 AM) [28, 29] , SB203580 may no longer be as specific for p38 MAPK inhibition as at concentrations f 1 AM and may also inhibit other kinases such as JNK [31, 32] . Thus, although higher concentrations of SB203580 may have improved contractile dysfunction, we limited our study to examining the effects of SB203580 at concentrations specific for p38 MAPK inhibition. Our findings therefore advance the results of these earlier studies, by showing that even after the onset of ischemia, selective early blockade of p38 MAPK is cardioprotective.
Based on the literature regarding p38 MAPK activation in hibernating myocardium [9, 10] and the negative inotropic effect associated with p38 MAPK activation in isolated cardiocytes [13] , we had expected SB203580 to improve contractility. The most likely explanation for this negative result is that, despite its phosphorylation, p38 MAPK is not involved in mediating the reduction in contractility and is simply a bystander marker. However, the lack of effect of SB203580 could be attributable to other factors. Firstly, p38 MAPK phosphorylation may not reflect activation state [32] . In cell lines, SB203580 was shown to block the catalytic activity of p38 MAPK but not its activation by upstream MAPK kinase [33] . Furthermore, inhibition of p38 MAPK with SB203580 was shown to block the phosphorylation of downstream HSP27, without inhibiting p38 MAPK phosphorylation [34] , implying that activation is not always mirrored by phosphorylation status. Similarly, although in the current study p38 MAPK phosphorylation was not totally blocked by SB203580, particularly under moderate flow conditions, we achieved complete inhibition of p38 MAPK activation as demonstrated by the total lack of downstream HSP27 phosphorylation and it was this inhibition of p38 MAPK activation that we sought to investigate.
Secondly, SB203580 only acts on a and h isoforms of p38 MAPK [35] , therefore the non-inhibited g and y isoforms may continue to exert a negative inotropic effect. However, this is unlikely since the dual phosphorylation of all p38 MAPK isotypes was diminished by SB203580. We investigated the possibility that p38 MAPK, although involved, is an early effector of impaired contractility and that after a while, pathways downstream of p38 MAPK become autonomous, such that any subsequent inhibition of p38 MAPK is no longer able to augment contractility. The observed lack of effect of SB203580 on contractility when given during the early stages of reduced flow in the present study or even before the onset of lethal ischemia in an earlier study [14] make this hypothesis very unlikely.
In conclusion, in the isolated mouse heart subjected to reduced flow ischemia, impaired contractility was associated with p38 MAPK activation, but inhibition of p38 activation failed to improve contractility, despite demonstration of a contractile reserve.
